Introduction
Agricultural production is not keeping up with the world demand for food because the human population is increasing faster than agriculture's food production capability . Uneven distribution of food, the inability of the poor to purchase food, and political unrest also threaten world food security for human society.
Currently, more than 3 billion humans worldwide are malnourished; this is the largest number and proportion of hungry people ever recorded in history (WHO, 1996) . For example, in India, 53% of the 60 million children 4 years old or younger are malnourished. Based on current rates of increase, the world population is projected to double from 6 billion to more than 12 billion in approximately 50 years (PRB, 1999) . As the world population continues to expand at a rate of 1.4% per year, adding more than a quarter of a million people daily, the task of providing adequate food becomes an increasingly difficult problem. The number of malnourished people could conceivably reach 5 billion in future decades.
Reports from the Food and Agriculture Office (FAO) of the United Nations and the US Department of Agriculture, as well as numerous other international organizations, further confirm the serious nature of the global food supply problem (NAS, 1994) . For example, the per capita availability of world cereal grains, which make up 80-90% of the world's food supply, has been declining since 1983 (Figure 1 ) . These shortages have economic consequences, especially for the nearly 3 billion people living in poverty worldwide who cannot afford to purchase either sufficient grains or other foods.
Because the world population continues to expand, more pressure than ever before is being placed on the basic resources that are essential for agricultural production. Unfortunately, the human population is growing exponentially, while agricultural production is limited to linear increase. Furthermore, degradation of cropland, water, energy and biological resources that are vital to a sustainable agriculture continues unabated .
Agricultural Resources
More than 99% of the world's food supply comes from the land; less than 1% is obtained from oceans and other aquatic habitats (FAO, 1991; . As mentioned previously, the continued production of an adequate food supply is directly dependent on the availability of ample quantities of fertile land, freshwater, energy and natural biodiversity. Obviously, as the human population grows, the requirements for all these resources escalate. Even if these resources are never completely depleted, their supply, on a per capita basis, will decline significantly because they must be divided among more and more people.
Land
Throughout the world, fertile cropland is being lost from production at an alarming rate. This is clearly illustrated by the diminishing amount of land now devoted to cereal grains ( Figure 2) . Soil erosion by wind and water, in addition to general overuse of the land, are responsible for the loss of about 30% of the world's cropland during the past 40 years (WRI, 1994; Pimentel et al., 1995 natural reformation of a mere 25 mm (1 inch) of fertile soil takes approximately 500 years; to sustain adequate crop production, a soil depth of 150 mm is needed. Most eroded and unproductive agricultural land is now being replaced with cleared forest land and/or marginal land. Indeed, the urgent need for more cropland accounts for more than 60 to 90% of the world's deforestation (Myers, 1994; Haerdter et al., 1997) . Despite such land replacement strategies, per capita world cropland is declining, currently standing at only 0.27 ha per capita. This is only about 50% of the 0.5 ha per capita that is considered the minimum land area required for the production of a diverse diet similar to that of the United States and Europe (Lal and Stewart, 1990; . Other countries have even less land. For example, China now has only 0.08 ha available per capita, about 15% of the accepted minimum . As the Chinese population is continuing to increase, they also continue to lose land to soil erosion and salinization.
Water
Rainfall, and its collection in rivers, lakes and vast underground aquifers, provides the water needed by humans for both their personal survival and diverse activities. Freshwater is critical for all vegetation, especially crops. All plants transpire massive amounts of water during the growing season. For example, a hectare of corn producing about 8000 kg transpires more than 5 million litres of water during just one growing season (Pimentel et al., 1997a) . This means that more than 8 million litres of water must reach each hectare during the growing season both as rainfall and irrigation, to provide the adequate water supply for crop production. In total, agricultural production consumes more freshwater than any other human activity. About 70% of the world's freshwater supply is consumed by agriculture, making it unavailable for other uses (Postel, 1996) . In the western United States, more than 85% of the freshwater is consumed by agriculture (Gleick, 1993) .
Water resources are continually being stressed as increasingly populous cities, states and countries increase their withdrawal of water from rivers, lakes and aquifers every year. For example, by the time the Colorado River reaches Mexico, it has dwindled down to a trickle (Postel, 1996) . Also, the great Ogalla aquifer located in central United States is suffering an overdraft rate that is about 140% above its natural recharge rate (Gleick, 1993) . Water shortages in the United States and elsewhere in the world are already reflected in the per capita decline in crop irrigation that has occurred during the past twenty years (Postel, 1996) . This decline is estimated at about 10% just during the past decade.
To further compound the water problem, about 40% of the world population lives in regions that directly compete for shared water resources (Gleick, 1993) . In China, for example, more than 300 cities already are short of water, and these shortages are intensifying as Chinese urban areas and industries expand (WRI, 1994) . Serious competition for water resources among individuals, industries and regions, both within and between countries, is growing throughout the world (Gleick, 1993) .
In addition to the quantity of water available, water purity also is vitally important. Diseases associated with impure and unsanitary water systems rob people of their health, nutrients and livelihood. These problems are most serious in developing countries, where about 90% of common infectious diseases can be traced to a lack of pure water (WHO, 1992; Pimentel et al., 1998) . Worldwide, about 4 billion cases of disease and approximately 6 million deaths are caused by impure water or water-borne infections each year .
Polluted water is a threat to public health as well as to agriculture, and this problem increases with the rapid expansion of the human population. For example, India has approximately 3120 cities, but only eight have full waste water treatment facilities (Pimentel et al., 1997a) . In addition to people utilizing this water for drinking, cooking and bathing, this polluted water is used in agricultural production. Furthermore, when a person is stricken with diarrhoea, malaria or other serious waterrelated disease, from 5 to 20% of an individual's food intake is used by the body to offset the stress of the disease, further diminishing the benefits of his/her food intake (Pimentel et al., 1998) . Disease and malnutrition problems appear to be particularly serious in the Third World where poverty and poor sanitation is endemic.
Poverty, disease and malnutrition are especially serious in cities, particularly Third World cities. The number of people living in urban areas currently doubles every 10 to 20 years, creating environmental problems that include a lack of water and sanitation, increased air pollution and significant food shortages. For these reasons, the potential Agricultural Production for the spread and increase of disease is especially great in urban areas (Pimental et al., 1998) .
Energy
Energy from many sources, but most importantly fossil energy sources, is a prime resource used in food production. About 70% of the fossil energy used each year throughout the world is consumed by populations living in developed countries. Of this energy, about 17% is expended in the production, processing and packaging of food products . In particular, the intensive farming technologies characteristic of developed countries rely on massive amounts of fossil energy for fertilizers, pesticides, irrigation and machines that substitute for human labour ( Table 1) . In contrast, developing countries use fossil energy primarily for labour and fertilizers are used to help maintain yields, rather than to reduce human labour inputs ( Table 2) . Hinman et al. (1992) . i Seeds were estimated to cost 50 g per kg. j Hinman and Schiriman (1997) . k Insecticides and fungicides were estimated to cost $40 per kg. l 1 cm of irrigation water applied was estimated to cost $1.18. m Price of electricity is 7 cents per kWh (USBC, 1998 The present world supply of oil is projected to last approximately 50 years at current production rates Duncan and Youngquist, 1998) . The world's natural gas supply is considered adequate for about 50 years, and the coal supply for about 100 years . These projections, however, are based on current consumption rates and current population numbers. Thus if population and consumption levels continue to increase, these fossil energy stores could be depleted even faster. reports that current oil and gas exploration drilling data has not borne out some of the earlier optimistic estimates of the amount of these resources projected to be in the United States. Both the production rates and proven reserves have continued to decline. Reliable analyses suggest that by now (2000) the United States has consumed about three-quarters of the recoverable oil that was ever in the ground, and that we are currently consuming the last 25% of US oil resources (Bartlett, 2000) . Projections suggest that US domestic oil and natural gas production will be substantially less in 15 years than it is today, and that the United States will then be importing nearly 100% of its oil. Even now, US oil supplies are not sufficient to meet domestic needs, and oil is imported in increasing yearly amounts . Importing 60% of its oil puts the US economy at risk due to fluctuating oil prices and difficult political situations, such as occurred during the 1973 oil crisis and the 1991 Gulf War (Pimentel et al., 1999) .
Biological resources
In addition to land, water and energy resources, crops, livestock species and humans depend on the presence and functioning of approximately 10 million other species existing in agroecosystems and nature (Pimentel et al., 1992) . Although approximately 60% of the world's food supply comes from rice, wheat and corn species (Wilson, 1988) , as many as 20 000 other plant species are also used by humans for food (Vietmeyer, 1995) . Humans have no technologies that can substitute for the food -and some medicines -that plant species in wild biota provide. Plants, animals and microbes also carry out many essential activities for humans, including pollination of crops and wild plants, recycling manure and other organic wastes, degrading chemical pollutants and purifying water and soil (Pimentel et al., 1997b) .
These living organisms are an important resource for crop protection (Waage, 1991) . Approximately 99% of potential crop pests are controlled by diverse natural enemy species. The development of pest resistance in host plants came from wild plants in natural ecosystems (DeBach and Rosen, 1991) . Great effort needs to be focused on the expanded use of natural enemies and the genetics of host-plant resistance in pest control.
Pest insects, pathogens and weeds destroy crops and thereby reduce food and fibre supply. Despite the yearly use of 2.5 billion kilograms of pesticides and other controls worldwide, about 40% of all potential crop production is (Pimentel, 1997) . Specifically, in the United States, about 0.5 million tonnes of pesticides are applied each year, yet pests still destroy about 37% of all potential crop production (note, these losses are based on the higher US cosmetic standards). Estimates suggest that pesticide use could be reduced by 50% or more, without any reduction in pest control and/or any change in cosmetic standards of crops, through the implementation of sound ecological pest controls, such as crop rotations and biological controls (Pimentel, 1997) .
Approximately one-third of the US and world food supply relies either directly or indirectly on effective pollination by insects (O'Toole, 1993) . Honey bees and other wild bees are essential in pollinating about $40 billion worth of US crops annually (Pimentel et al., 1997b) . They also pollinate natural plant species.
One factor in the high extinction rate of natural species is that humans use more than 50% of the sun's energy captured by the entire plant biomass on Earth each year to obtain all their food and fibre. This significantly reduces the photosynthetic biomass available to maintain vital natural biota (Pimentel et al., 1997b) .
Environmental pressure exerted by the human population is the prime destructive force responsible for the reduction in biodiversity. Humans currently occupy 95% of the terrestrial environment, either as managed agricultural and forest ecosystems or as human settlements (Western, 1989) . The prime focus of world biological conservation has been on protecting the national parks that cover just 3.2% of the world's terrestrial area (Reid and Miller, 1989) . Because most species diversity occurs in managed terrestrial environments, increased efforts should be devoted to improving the sustainability of agricultural and forest ecosystems (Pimentel et al., 1992) .
Agricultural Resources and Human Diseases
Human health is related to natural resources and, in turn, to the amount of food that is available to humans. As the human population increases in size, risks to health and productivity grow as well, especially in areas where sanitation is inadequate. Human deaths due to infectious diseases increased more than 60% from 1982 to 1992 (WHO, 1992 (WHO, , 1996 Murray and Lopez, 1997) .
Increases in diseases associated with the diminishing quality of water, air and soil resources provide evidence of a declining standard of living. Profound differences exist between the causes of death in developed and developing regions of the world. Communicable, maternal and/or prenatal diseases account for 40% of the deaths in developing regions, but for only 5% in developed regions (Pimentel et al., 1998) . While there is a complex set of factors responsible, inadequate food and contaminated water and soil are the major contributors to diseases and other health problems, especially in developing countries (Pimentel et al., 1998) .
Disease and malnutrition are interrelated and, as might be expected, parasitic infections and malnutrition coexist along with poverty and poor sanitation. Poverty and lack of sanitation can be as severe in certain urban sectors as in rural areas; several studies point to inequalities even within different parts of a city (Pimentel et al., 1998) .
Intestinal parasites introduced into humans through contaminated food, water and soil impact health by reducing intake of nutrients in various ways, including the rapid loss of nutrients through diarrhoea or dysentery, impairment of nutrient absorption, alteration of appetite and food intake, and blood loss. Hookworms, for instance, can remove up to 30 cm 3 of blood from a person in a single day, leaving the person weak and susceptible to other diseases (Hotez and Pritchard, 1995) . Estimates suggest that from 5 to 20% of an infected person's daily food intake is used to offset other illnesses and physical stresses caused by diseases, thereby diminishing his/her nutritional status .
The nutrition of the world population might be improved with better distribution of total world food. For instance, it might be possible to feed the current 6 billion people a minimal but nutritionally adequate diet, if all the food produced in the world was shared and distributed equally. However, there are problems with this proposal. For example, how many people in developed and developing countries who have more than their basic needs of food resources would be willing to share their food and pay for its production and distribution? Also, if the world population doubles to 12 billion, then this option would no longer be possible because of severe shortages of land, water, energy and biological resources .
Based on the evidence of rapidly increasing malnutrition (WHO, 1992 (WHO, , 1996 and decreasing agricultural production per capita worldwide, it is apparent that nature has started to put pressure on humans to limit their numbers. Overpopulation is causing serious environmental degradation and there are insufficient resources of cropland, freshwater, fossil energy, and biodiversity to feed all humans on earth a diverse and quality diet. Nature is telling us if we don't limit our numbers ourselves, it will be done for us .
Agricultural Technology
Over time, technology has been instrumental in increasing agricultural production, improving transportation and communications, advancing human health care, and generally improving many aspects of human life. However, much of technology's success is based on the availability of the natural resources of the earth, including fossil energy.
Agricultural Production
In no area is this more evident than in agricultural production. No current or conceivable future technology will be able to double the world's cropland. Granted, technologically produced fertilizers are effective in enhancing the fertility of eroded croplands, but their production relies on the diminishing supply of finite fossil fuels. In fact, fertilizer use per capita during the past decade has decreased 23% and continues to decline, because costs have risen and the poor cannot afford fertilizer (IFDC, 1998) .
Contrary to expectations, the technological improvement in the size and speed of fishing vessels has failed to increase per capita fish catch . Thus in regions like eastern Canada, over-fishing has become so severe that about 80 000 fisherman now have no fish to catch and the entire industry has been lost (W. Rees, University of British Columbia, personal communication, 1996) .
Consider also that the available supplies of freshwater must be shared by ever more individuals as agricultural production and industry are expanded to support an increasing population. No currently available technology can double the flow of rivers like the Colorado or refill the shrinking ground water resources in vast aquifers. Basically rainfall is the only supplier of water.
Certainly, improved technology will continue to help increase food production. It can facilitate more effective management and conservation of resources, but technology cannot produce an unlimited flow of the vital natural resources that are the raw material for sustained agricultural production. So far technology has not been able to stop the decline in per capita cereal grain production, which has been continuing since 1983 (Figure 1) .
Biotechnology has the potential for some advances in agriculture, provided genetic modifications are cautiously tested and wisely used. However, the biotechnology developments made during the past 20 years have been unable to stem the decline in per capita food production over that same time period. In the United States the rate of increase in corn production has declined from about 3% per year to less than 1% per year. Currently, more than 40% of the research effort in biotechnology is devoted to the development of herbicide resistance in crops (Paoletti and Pimentel, 1996) . This technology does not increase crop yields, but it does increase the use of chemical herbicides and their pollution of the environment.
What of the Future and Agricultural Resources?
Humans can no longer afford to ignore the fact that per capita food production has been declining for nearly two decades, and that more than 3 billion people are now malnourished (WHO, 1996) . Related to this decline has been a per capita decrease in the availability of the following resources during the past decade: fertilizers, 23%; cropland, 20%; irrigation, 12%; forest products and fish, 10%.
Strategies for global food security must be based first and foremost on the conservation and ecologically sound management of our finite supplies of the cropland, freshwater, energy, and all biological resources that are essential for a productive agricultural system. Our stewardship of world resources must change. The basic needs of all people must be brought into balance with the availability of life-sustaining natural resources. The conservation of these resources will require the coordinated efforts of all individuals and all countries. Once these finite resources are exhausted they cannot be replaced by human technology. More efficient and environmentally sound agricultural technologies will help improve global food security .
Unfortunately, none of these ecologically sound conservation measures will be sufficient to ensure adequate food supplies for future generations unless the growth in the human population is simultaneously curtailed. Several studies have confirmed that in order to enjoy a relatively high standard of living, the optimum human population should be less than 200 million for the United States and less than 2 billion for the world . This seemingly harsh projection assumes, that from now until such an optimum population is achieved, all strategies for the conservation of soil, water, energy and biological resources will be successfully implemented and an ecologically sound, productive environment will be maintained. The lives and livelihood of future generations depend on what the present generation is willing to do now to make agriculture sustainable and conserve the world's ecological resources.
Essentially, all our personal freedoms are at stake. The freedom to reproduce is infringing on our freedom from malnutrition, hunger, disease, poverty and pollution. In addition, our freedom to enjoy nature and a quality environment is being lost.
